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Abstract 
An accurate evaluation of the airborne particle dose-response relationship requires detailed 
measurements of the actual particle concentration levels that people are exposed to, in every 
microenvironment in which they reside. 
The aim of this work was to perform an exposure assessment of children in relation to two 
different aerosol species: ultrafine particles (UFPs) and black carbon (BC). To this purpose, 
personal exposure measurements, in terms of UFP and BC concentrations, were performed on 103 
children aged 8-11 years (10.1 ± 1.1 years) using hand-held particle counters and aethalometers. 
Simultaneously, a time-activity diary and a portable GPS were used to determine the children’s 
daily time-activity pattern and estimate their inhaled dose of UFPs and BC. 
The median concentration to which the study population was exposed was found to be 
comparable to the high levels typically detected in urban traffic microenvironments, in terms of 
both particle number (2.2×104 part. cm-3) and BC (3.8 µg m-3) concentrations. Daily inhaled doses 
were also found to be relatively high and were equal to 3.35×1011 part. day-1 and 3.92×101 µg day-1 
for UFPs and BC, respectively. 
Cooking and using transportation were recognized as the main activities contributing to overall 
daily exposure, when normalized according to their corresponding time contribution for UFPs and 
BC, respectively. Therefore, UFPs and BC could represent tracers of children exposure to 
particulate pollution from indoor cooking activities and transportation microenvironments, 
respectively. 
 
Keywords: Ultrafine particles, black carbon, children's exposure, cooking, personal monitoring, 
dose. 
 
1. Introduction 
Epidemiological and toxicological studies have shown that the inhalation and subsequent 
deposition of airborne particles into the lungs can lead to adverse health effects in humans, varying 
from premature mortality to respiratory symptoms and impaired lung function (Buonanno et al., 
2013c; Cesaroni et al., 2013; Kreyling, 2006; Pope III and Dockery, 2006). The harmful potential of 
particles is linked to their ability to penetrate into the deepest regions of the lung and carry 
potentially toxic compounds with them (Harrison, 2000; International Commission on Radiological 
Protection, 1994).  
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1.1 Metrics for aerosol health effect 
At present, it is not known which particle size, morphology or chemical component is most 
strongly associated with the adverse effects on human health and further research in this field is 
needed. With regard to particle size, attention has shifted from mass (PM2.5 or PM10, particulate 
matter which passes through a 50% cut-off efficiency size-selective inlet at 2.5 µm and 10 µm 
aerodynamic diameter, respectively; Buonanno et al. (2011a)), towards surface area (Buonanno et 
al., 2010; Giechaskiel et al., 2009) and particle number concentrations (Franck, 2011), which are 
largely comprised of ultrafine particles (UFPs, particles with a diameter smaller than 100 nm). 
Lately, scientific interest has focused on UFPs, due to their high alveolar deposition fraction, large 
surface area, chemical composition and potential to translocate into the human circulatory system 
(Weichenthal, 2012). Furthermore, they have a strong ability to induce inflammation, penetrate into 
cell membranes (Unfried et al., 2007) and deposit in secondary organs (Semmler et al., 2004), 
including brain tissue (Calderón-Garcidueñas et al., 2004). These health effects are expected to be 
much more marked in children, who inhale a higher normalized dose of airborne particles compared 
to adults, due to both their lung capacity (e.g. the deposition normalized to the actual air-tissue interface 
in children is higher in respect to adults; Buonanno et al. (2011b); Buonanno et al. (2012); Burtscher 
and Schüepp (2012)) and higher breathing rates, since they are generally more physically active 
than adults (Bateson and Schwartz, 2010; Pinkerton and Joad, 2006). 
Concerning chemical composition, most studies have limited their interest to the toxicity of 
metals and compounds surrounding the particle (Eiguren-Fernandez et al., 2010). However, in terms 
of traffic related emissions, the particles carbonaceous core (soot, the product of incomplete 
combustion of fuels) was also found to have negative effects on human health (Janssen et al., 2011; 
Soto et al., 2008). Soot particles can be characterised based on a number of different properties and 
when characterised according to its light-absorbing properties, the carbonaceous core of the particle 
is referred as black carbon (BC). 
The United Nations report on the effects of air pollution suggested that BC could be considered a 
better indicator of harmful particulate substances emitted by combustion sources than PM2.5 and 
PM10 (United Nations, 2012). To date, both indoor (during incense burning, Stabile et al. (2012)) 
and outdoor measurements of BC concentration have been performed and a number of authors 
suggest that it would be more appropriate for traffic-related policy measures to be formulated in 
terms of reducing BC concentration (Janssen et al., 2011; Vanderstraeten, 2011). In particular, BC 
exposure is thought to have negative effects on the respiratory system (Suglia et al., 2008), however 
most previous studies have focused on cardiovascular effects, such as cardiac and ventricular 
arrhythmias, lowered heart rate variability, changes in blood pressure and increased cardiovascular 
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mortality (Delfino et al., 2010; Rich et al., 2005; Wilker, 2010; Zanobetti et al., 2011). In addition, 
an increase in annual BC of 250 ng m-3 was associated with a 7.6% decrease (95% confidence 
interval) in leukocyte telomere length (McCracken et al., 2010).  
1.2 Aim of the work 
People are exposed to airborne particles from a range of indoor and outdoor sources. In order to 
perform an exposure assessment, different spatial scales can be used, with the most common 
approach assuming that each person in a given region has the same exposure level, which is often 
based on measurements from a few air quality monitors and reflects the mean concentrations in the 
entire urban area or community (Council of the European Union, 1999). This approach could lead 
to significant errors in the estimation of individual exposure to air pollutants, because actual 
exposure is strongly related to the overall lifestyle of an individual (Buonanno et al., 2011b; 
Buonanno et al., 2012). In summary, while there is considerable evidence of the potential harmful 
effects of UFPs and BC on human health, there are still insufficient epidemiological studies to draw 
conclusions on the dose-response relationship for these aerosol metrics, especially with regard to 
children (World Health Organization, 2005). Therefore, studies aimed at measuring actual exposure 
to particles, together with the related dose, are needed in order to accurately quantify the dose-
response relationship.  
The current work was performed as part of the international project “Ultrafine Particles from 
Traffic Emission on Children's Health (UPTECH)” (led by the Queensland University of 
Technology, Brisbane, Australia), which was designed in response to a lack of epidemiological 
results regarding the effects of exposure to airborne particles (in particular UFPs) emitted by motor 
vehicles on children's health in schools 
(http://www.ilaqh.qut.edu.au/Misc/UPTECH%20Study%20Design.htm). This paper deals with 
children's individual exposure to UFPs and BC, in order to identify the activities and 
microenvironments that make the greatest contribution to a child's average daily dose. To this 
purpose, we measured the daily exposure of 103 children (aged 8-11 years) to particle number and 
BC concentrations, and a detailed study of each child's daily activity patterns was conducted, based 
on the Global Positioning Systems (GPS) and diaries carried by each child. 
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2. Methodology 
2.1 Study design, sampling sites and population 
The experimental campaigns were carried out in Cassino (Central Italy), a typical busy Italian 
middle town, on weekdays during the 2011 and 2012 winter seasons. Personal exposure 
measurements were performed on children aged 8-11 years (10.1±1.1 years) who attended three 
different schools. Further details are reported in Buonanno et al. (2012). In order to quantify 
possible confounders and effect modifiers in relation to the study (such as housing conditions, 
socio-economic status, exposure to environmental tobacco smoke and ethnicity), a questionnaire 
was developed based on the International Study of Asthma and Allergies in Childhood (ISAAC) 
guidelines. A time-activity diary (which supplied information on potential peak exposures in precise 
locations) was also completed by each child, under the supervision of their parents. Overall, 103 
children agreed to participate in this project. 
2.2 Instrumentation and quality assurance 
The mobile experimental apparatus comprised of three hand-held UFP counters (NanoTracer, 
Philips), a BC monitor (Aethalometer AE51, Magee Scientific) and a GPS tracking device.  
The NanoTracer works by diffusion charging, using an electrometer to measure number particle 
concentration by means of the current induced by previously charged particles collected on a filter 
inside a Faraday cage (Marra et al., 2010). These personal monitors are equipped with an internal 
rechargeable lithium-ion battery, which allows them to be used during field measurements, with a 
total run time of about 7 h. The NanoTracer can operate in two different modes: fast mode and 
advance mode. The fast mode measures real-time particle number concentrations (in the range of 
10–300 nm), while the advance mode measures both particle size and total concentration. The 
temporal resolution of the NanoTracers was set to 16 s (in advance mode). 
In order to allow for data quality assurance by comparison with a Condensation Particle Counter 
(CPC 3775, TSI Inc.), these counters were calibrated at the beginning of the experimental campaign 
to measure particle number concentration, while a Scanning Mobility Particle Sizer (SMPS 3936, 
TSI Inc.) spectrometer was used to measure the particle number size distribution mode.  
The calibration was conducted within a closed box (about 16 L), in a uniform and stationary 
environment. Different polydisperse aerosols were generated from a sodium chloride (NaCl) 
solution by a TSI 3940N aerosol generator in the 5–300 nm diameter range. Three tests were 
performed under stationary conditions (30 min of measurements), at low (1×104 part. cm−3), 
medium (2×104–8×104 part. cm−3) and high concentrations (>1.2×105 part. cm−3). The correction 
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factors, defined as the ratio between the reference values measured by the CPC and the ones 
obtained by the NanoTracers, varied between 1.3 at high concentrations and 0.9 at low 
concentrations. Therefore, the NanoTracers were found to under-count at high concentrations, 
however they were reasonably accurate at medium and low particle number concentrations. Further 
details are reported in Buonanno et al. (2013b). 
An additional CPC TSI 3775 was used to measure total particle number concentration at a 
background site. This instrument, located on a rooftop at the University of Cassino, was protected 
from rain and wind, and provided information on airshed exposure. Particle number concentrations 
were continuously measured with a 30 s time resolution during the experimental campaign. The 
accuracy of the CPC measurements was guaranteed through calibration and flow checks conducted 
at the start of each monitoring period. Each CPC was calibrated in the European Accredited 
Laboratory at the University of Cassino and Southern Lazio, by comparison with a TSI 3068B 
Aerosol Electrometer. 
Black carbon concentrations were measured using an Aethalometer AE51 (Magee Scientific), 
which determines BC concentration based on the Beer-Lambert law, by measuring the light 
absorbed (attenuation) by optically-absorbing particles (i.e. the BC particle fraction). In particular, 
an 880 nm wavelength beam of light is produced by an LED light source aimed at a photo diode 
detector. During its travel, the light beam passes through the aerosol sample collected on a filter. 
This device is small and portable (250 g) and has battery autonomy of up to 24 h when logging on a 
1 min basis, as was the case in the present study. The pump speed was set at a rate of 100 mL per 
minute. 
2.3 Methodology description 
Each child kept the mobile experimental apparatus for two days, taking it with them to all of the 
microenvironments where he or she spent their time. The children were also asked to record their 
main indoor and outdoor activities (such as studying, eating, transportation, sleeping etc.), 
indicating the start and end times for each activity. A time-activity diary is a useful tool for showing 
where time is spent by children each day. Consequently, a detailed report for each child was carried 
out with the help of parents to identify the activities that took up most of their time. 
 The accuracy of the recorded activities and trips was checked by consulting the GPS logs and if 
an inconsistency was detected, the participants were contacted shortly after the measurement period 
and asked to clarify the situation. 
All devices were synchronized at the start of each sampling period. Activities, trips, GPS logs, 
UFP and BC concentrations were directly loaded into a database, to minimize data handling and the 
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consequent introduction of errors. The inhaled dose received by 8–11 year old children for each 
microenvironment/activity was determined by multiplying the UFP or BC concentrations for the 
time spent in the microenvironment and the inhalation rate corresponding to the activity carried out 
(Buonanno et al., 2011b; Klepeis, 2006). We have considered a 100% efficiency of aerosol 
aspiration during inhalation because of the sizes of the particles considered (e.g. the mouth 
inhalability for particles with an aerodynamic diameter is about 99%;ACGIH (1985)). Inhalation 
rates for the different activities were based on the US EPA approach (U.S. Environmental 
Protection Agency, 2004), ranging from 0.3 m3 h−1 during sleeping and resting to 1.4 m3 h−1 during 
sporting activities. The partial doses measured for each microenvironment/activity were summed to 
estimate the daily total inhaled dose. 
In order to carry out an in-depth analysis of the contributions of each activity/microenvironment 
to the total daily dose, “exposure (dose) intensity” was also calculated for each 
microenvironment/activity (a concept introduced by Wang et al. (2011) and adopted in our previous 
paper (Buonanno et al., 2011b)), which is defined as the ratio of the daily exposure (dose) 
contribution to the daily time contribution. In particular, it allows for the comparison of exposure 
(dose) in different microenvironments by linking the daily exposure fraction with the daily time 
fraction. 
  
3. Results 
3.1 Study characteristics and daily time-activity patterns  
Table 1 presents the main characteristics of the study population in terms of housing conditions, 
socio-economic status, typical indoor and outdoor exposure, and lifestyle, based on results from the 
questionnaire. It can be seen that 36% lived in urban areas, 57% in rural areas and 7% in suburban 
areas; 76% went to school by car and 16% on foot, with only 8% using buses. While gas cooking 
was the only cooking method used in the homes in this study, fireplaces were a more common 
heating method than the use of gas heaters. 
Daily time-activity patterns, based on the time-activity diary of each child, showed that children 
spent 24% of their daily time at school and 64% at home (92% indoors), of which 5% was spent 
outdoors during lunch time and 36% was spent sleeping, respectively. The daily time contribution 
for time spent on transportation was equal to 4%. The values obtained were similar to that reported 
in Chau et al. (2002), where individuals from Hong Kong (China) spent an average of 86% of their 
time indoors, 3-7% in enclosed transit and 3-7% outdoors. Brasche and Bischof (2005) also carried 
out an analysis of the time spent indoors at home in Germany, detecting a mean time equal to 65%, 
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which is in good agreement with results from American (65%) and Canadian (66%) human activity 
surveys carried out in the 1990's, as reported by Leech (2002). 
 
3.2 Children daily exposure to UFP and BC  
Daily average particle number concentration measured on a personal scale was equal to 
5.8×104 part. cm-3. A comparison with the annual daily average background concentration 
(2.1×104 part. cm-3, details are reported in Buonanno et al. (2013a)) highlights much higher values 
from personal monitoring compared to background data. The main contributions to personal 
exposure arose from time spent in transportation microenvironments and exposure to indoor 
sources, such as cooking activities. Nevertheless, as shown in Table 2, particle number (as well as 
BC) concentrations were log-normally distributed within the study population, leading to the 
significant difference between average and median UFP values, which is indicative of short-term 
exposure in microenvironments with high particle concentration levels. In fact, high variability in 
particle number concentration exposure as a function of resided microenvironments was observed in 
several papers. With regard to indoor UFPs, concentrations were strongly influenced by the 
presence of combustion sources (cooking, incense, heating systems), ventilation conditions and 
outdoor concentrations levels. Therefore, particle number concentrations ranging from less than 
1.0×104 part. cm−3 (e.g. during the night time, Zhu et al. (2005)) up to over 5.0×105 part. cm−3 (e.g. 
during cooking; See and Balasubramanian (2006)) are reported in literature. 
Concerning outdoor microenvironments, a number of investigations were also reported in the 
literature. Reche et al. (2011) carried out experimental campaigns which aimed to estimate the 
variability of particle number concentration, BC and a number of gaseous pollutants in seven 
selected urban air quality monitoring sites in Southern, Central and Northern Europe. With regard to 
particle number concentration, averages ranged from 1.2 to 1.8×104 part. cm−3, with this range 
increasing to 2.2-2.8×104 part. cm−3 at traffic sites, due to the direct impact of primary exhaust 
emissions. Morawska et al. (2008) presented a meta-analysis of 71 papers which focused on UFP 
exposure across a diverse range of outdoor environments. They determined mean concentrations of 
2.6×103, 4.8×103, 7.3×103, 1.1×104, 4.2×104, 4.8×104, 7.2×103 and 1.7×105 part. cm−3 for clean 
background, rural, urban background, urban, street canyon, roadside, on-road and tunnel 
environments, respectively. When compared to such data, the average personal UFP exposure 
experienced by children is very high and is comparable to the concentrations measured in street 
canyons. 
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With regard to BC exposure, the daily average BC personal concentration measured for children 
was equal to 5.1 µg m-3 (other statistics for BC concentration are reported in Table 2). As was the 
case with UFPs, the measured concentrations of BC were higher than those reported in the literature 
and corresponded to the exposure levels similar to those found close to busy roads. In fact, Reche et 
al. (2011) reported that the daily average concentration at urban background sites ranged from 1.7 
to 1.9 μg m−3, showing negligible differences among sites, despite differences in the percentage of 
diesel vehicles. Levels of BC were very high near busy roads, with an annual average of 3.5-
7.8 μg m−3.  
Dons et al. (2012) evaluated the personal exposure of 62 individuals to BC using 13 portable 
aethalometers, while keeping detailed records of their whereabouts and time-activity patterns. 
Average personal exposure was 1.59 µg m-3, with a standard deviation of 0.47 µg m-3, which is 
comparable with the average concentration measured at a fixed suburban monitoring site 
(1.62 µg m-3). 
The overall N/BC ratio in this study was equal to 5.8×106 part. (ngBC)−1. This value is typical of 
exposure in a urban street canyon microenvironment (Reche et al., 2011) and provides further 
confirmation that, on average, the daily exposure of monitored children is typical of that they would 
receive standing in a busy urban street canyon for 24 h. 
3.3 UFP and BC inhaled doses and children exposure intensities 
On the basis of daily activity-pattern reported in time-activity diaries and exposure concentration 
data, inhaled doses were evaluated based on the methodology reported in section 2.3. Overall mean 
daily inhaled dose, measured in terms of particle number and BC concentrations, were equal to 
3.35×1011 part. day-1 and 3.92×101 µg day-1, respectively. Such inhaled doses were found to be quite 
high when compared to the data reported in scientific literature. In fact, particle number inhaled 
dose was comparable to that which children would be exposed if standing in transportation 
microenvironments or walking along busy urban street canyons for a period of 24 h (based on the 
inhalation rate and concentration level data reported in Buonanno (2011); Buonanno et al. (2011b). 
Similarly, with regard to BC, the inhaled dose reported here is quite similar to that evaluated by 
Dons et al. (2012) in transport microenvironments (ranging from 14.1 µg day-1 and 77.7 µg day-1). 
In Figure 1, the relative contributions (minimum, first quartile, median, third quartile and 
maximum value) from each activity/microenvironment to daily time-activity patterns, UFP 
exposure and BC exposure are reported. Time-activity pattern data were discussed in the section 
3.1. With regard to UFP and BC exposure, it was found that a child's home was the major 
contributor (61% and 52% for UFP and BC exposure, respectively). School time contributed 18% 
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to the UFP and 20% to BC exposure, respectively. An important contribution to UFP exposure also 
came from cooking/eating time, with a value of about 15%, whereas the corresponding contribution 
to BC exposure is about 8%. On the contrary, transportation microenvironments were responsible 
for a contribution of 6% to UFP and almost double (11%) to BC exposure. Despite low UFP and 
BC concentrations, the microenvironment presenting the highest contribution was inside the house 
during sleeping time, but this was mainly due to the large amount time spent there by the children. 
To better highlight these considerations, the exposure (dose) intensities were evaluated, as 
defined in section 2.3. Cooking activities presented the highest dose intensity for UFPs (higher than 
3.7; 1.4 for BC), highlighting the very high particle number dose received per time unit during 
eating time. Actually, the overall contribution of cooking and eating time to UFP exposure was 
even higher because children were also exposed to high concentrations after eating times were over. 
On the contrary, transportation presents the highest exposure intensity for BC (2.8), with a lower 
value for UFPs (1.5), which indicates that BC is a more consistent tracer of the impact of road 
traffic on exposure. Overall, transportation and eating time made similar contributions to UFP and 
BC daily doses, respectively. The other microenvironments/activities, including time spent at 
school, presented exposure intensities close to 1. 
 
 
4. Conclusions 
The present work was designed to provide useful information on the exposure assessment of 
children to airborne particles and the associated dose-response relationships. In particular, the 
personal exposure of 103 children (aged 8-11 years) was evaluated, in terms of particle number and 
black carbon concentrations, through the use of personal hand-held monitors, electrical particle 
counters and aethalometers. Global positioning systems and activity diaries were also used to 
evaluate the activities/microenvironments that contributed to the overall daily exposure of children, 
as well as to properly estimate the UFP and BC dose received by each child. 
Overall median exposure concentration was equal to 2.2×104 part. cm-3 (average value: 
5.8×104 part. cm-3) and 3.8 µg m-3 (average value: 5.1 µg m-3) in terms of UFP and BC, 
respectively, leading to an overall N/BC ratio equal to 5.8×106 part. (ngBC)−1. These exposure levels 
are considered to be very high and are similar to those measured in street canyons or along busy 
roads. High daily inhaled doses, in terms of both particle number and BC concentrations, were also 
observed and were equal to 3.35×1011 part. day-1 and 3.92×101 µg day-1, respectively. 
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An in-depth analysis of the exposure/dose experienced by children, based on a combination of 
the children's exposure and time-activity pattern data, revealed that transportation and 
cooking/eating time made significant contributions to the children's daily dose, despite their 
negligible contribution to the daily time-activity pattern. In particular, in terms of both UFP and BC 
concentrations, these represent the only two activities/microenvironments having an exposure/dose 
intensity (i.e. the ratio between the daily exposure/dose contribution and the daily time contribution) 
larger than one. Exposure (dose) intensities due to cooking activities were equal to 3.7 and 1.4 for 
UFP and BC concentrations, respectively. On the contrary, transportation microenvironments were 
found to have exposure intensities equal to 1.5 for UFP and 2.8 for BC. Therefore, UFPs and BC 
can be considered as tracers of indoor cooking activities and road traffic exposure, respectively. 
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Table 1 – Characteristics of study population (%) in terms of housing conditions, socio-
economic status, exposure to environmental tobacco smoke, and lifestyle as obtained from the 
questionnaires (Total number of children N =103, age = 10.1 ± 1.1 years)  
 
Characteristic % 
Male/Female 53/47 
Living in urban/rural/suburban area  36/57/7 
Going to school by car/walk/bus 76/16/8 
Urban route /suburban/mixed 31/33/36 
Heavy traffic during transport  14 
Smoking in the home 8 
Living in damp home 39 
Pets in the home 30 
Parental education high/medium/low 32/61/7 
Gas cooking 100 
Heating gas/fireplace/both 17/48/35 
After school care 8 
Living in other house (>50 days/year) 13 
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Table 2 – Statistics of particle number and BC concentration whose population study was 
exposed to during the overall experimental campaign. 
 
 
Particle number 
concentration 
(103 part. cm-3) 
BC 
concentration 
(µg m-3) 
maximum 844 521 
95th percentile 168 11.9 
75th percentile 46 5.6 
median 22 3.8 
25th percentile 16 2.4 
5th percentile 11 1.0 
minimum 6.1 0.1 
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Figure captions 
 
Figure 1 – Statistics (minimum, first quartile, median, third quartile and maximum) of the 
relative contributions of each considered activity/microenvironment to daily time-activity patterns 
(grey box plots), UFP exposure (white box plots) and BC exposure (dotted box plots). 
 
